From a cast of a human pulmonary arterial tree, the diameter, length, order, and end branches of all intact branches down to those 0.8 mm in diameter were measured and corrections for broken branches were made. A sample of structures smaller than these (0.8-0.1 mm) was similarly measured. The values for branches less than 0.1 mm in diameter were found by extrapolation and comparison with known data for the precapillary vessels. Therefore, data or estimates for each order of branching in the pulmonary tree were obtained and calculations of cross-sectional area, volume, and flow were made.
• The nature of the flow in the pulmonary arterial tree has been investigated by many authors (1-4) using analyses based on structural considerations. A more sophisticated analysis requires more detailed information about the anatomy of the lesser circulation, but our knowledge of this anatomy is still rudimentary. This paper reports the inorphometric data obtained from measurement of a resin cast of the human pulmonary arterial tree. Not all of the many millions of vessels could be studied individually, but measurements were made of all branches down to those 0.8 mm in diameter. A similar series of measurements was made on a small sample of vessels between 0.8 mm and 0.1 mm in diameter. For vessels smaller than 0.1 mm, estimates of dimensions were made by extrapolation and comparison with published data. Although our data are far from complete, they are more detailed than others available in the literature. This experiment did not include physiological calculations; however, the data may be valuable in making such calculations.
Methods

ORDERING THE BRANCHES
The description of a branching system requires that branches be identified and grouped so that the characteristics of each group (e.g., diameter, length)
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Received July 31, 1972. Accepted for publication June 6, 1973. can be defined and measured. Such characteristics can be denned and grouped in "generations" (5) or in "orders" (6) (7) (8) (9) (10) . Grouping in generations is not very satisfactory for the characterization of similar branches in asymmetrical systems (see Discussion). Therefore, we used the method of grouping in orders developed by Strahler (7, 8) for describing rivers. His method has general applicability to branching systems and has already been used to analyze and compare rivers, glaciers, bile ducts, hepatic arteries, hepatic veins (11) , the bronchial tree, pulmonary arteries (12) , and Purkinje cells in the cerebellum (13) . According to this method the most distal branches are order 1, and two of these branches meet to form an order-2 branch. Two order-2 branches meet to form an order-3 branch and so on up to the single main stem or vessel. When two branches of different order meet, tbe order of the larger of the two branches remains unchanged (Fig. 1 ). This method is particularly useful for systems in which several small side branches join to one larger branch, because it does not require the order to be increased at every junction (Fig. 2) .
If the logarithm of the number of branches in each Strahler order is plotted against order, a linear relation results in most naturally occurring branching systems. Tbe antilog of the absolute value of the slope of this line, as determined from the regression equation by the least-squares fit, is called the branching ratio, i.e., the branching ratio is the factor by which the number of branches increases in each successive order down the system.
For the purposes of description and for ease in handling the cast data, the pulmonary arterial tree was divided into three zones. These zones have neither anatomical nor physiological significance but were selected for convenience. The proximal zone extends from the main pulmonary artery down to and including the first branch of less than 0.8 mm in diameter; the intermediate zone includes branches between 0.8 mm and 0.1 mm; and the distal zone includes all branches less than 0.1 mm in diameter.
The term "end branch" is used to describe any one of the most peripherally situated branches of a system,
Strahler orders in a dichotorrwushj branching system (see text).
and the number of end branches arising directly or indirectly from a branch is abbreviated E. Within the proximal zone the number of end branches arising from a branch is abbreviated E p , and within the total system it is abbreviated E M . The number of branches of any given order is labeled N.
PREPARATION OF THE CAST
The lungs of a woman (32 years old) who had been free from respiratory disease and who died of uremia were removed at autopsy. The trachea and main pulmonary artery were washed free of secretion and blood clots, and both were cannulated. The airspaces were then inflated with carbon dioxide from a cylinder via a reduction valve, and after 1 minute they were allowed to deflate by their own elastic recoil. This process was repeated several times to replace the air with carbon dioxide. The lungs were then floated in a tank of boiled, air-free tap water and a plastic tube was attached to the bronchial cannula; the other end of the tube was free in the tank. A de Bakey roller pump was used to pump water from the tank into the lungs. Water easily passes through the lung tissue, and thus the water returned to the tank via the pulmonary blood vessels and the pleural surface. By adjusting the speed of the pump, any desired degree of lung inflation could be produced and maintained.
The lungs were inflated to a point near the top of the pressure-volume curve, as judged visually by minimal expansion on further increase in pressure. The pressure was then reduced so that the lungs were at a position corresponding to inflation during life. To maintain this volume a pressure of 20 cm H 2 O was required. Pumping was then continued at that pressure and after about 30 minutes the lungs sank; most of the carbon dioxide had been taken up by the air-free water. A formaldehyde solution (40%) was then added to the tank to make 2% formalin, which was circulated for 48 hours to fix the lungs. During the fixation process, 0.9% sodium chloride solution was pumped into the arterial cannula at a constant pressure of 25 cm H.>O. The lungs were supported by the two cannulas and the surrounding fluid, and the posterior surfaces of the lungs were downward, corresponding to the supine position. After fixation the lung volume measured by displacement was 5.01 ± 100 ml.
The method for casting the vessels with a resin has been described in detail by Tompsett (14) . A mixture of resin, monomer, catalyst, and accelerator was poured into the pulmonary artery through a funnel and tubing; the surface of the resin was maintained at 25 cm above the level of the formalin. During this casting the lungs remained submerged. Since the density of the resin (1.125 g/ml) was similar to that of water there were only small pressure differences between different regions in the fluid-filled, fluid-supported lung. The viscosity of the resin mixture was not measured, but it flowed through capillaries into the venous system without difficulty, Care was taken to exclude air bubbles during the pouring; the resin ran straight into the saline-filled tube and blood vessels and displaced the saline in the veins. The resin gelled 4 minutes after injection and was then allowed to set hard for 8 days. Finally the tissues were corroded with concentrated hydrochloric acid and trie cast was washed clean in water. No shrinkage of the cast occurred during the setting or the cleaning process.
Because the cast included many small arteries, capillaries, and veins, pruning was necessary to gain access to the innermost vessels. All branches with a diameter less than 0.8 mm were broken off, leaving a cast of the proximal zone. The cast was imperfect distal to some branches 0.8 mm or more in diameter, and these branches were termed "broken." Some branches had been accidently broken off, but others represented technical imperfections of the cast. Those branches less than 0.8 mm which originated directly from branches of the proximal zone constituted the end branches. A sample of three end branches, obtained from upper, middle, and lower zones of the cast and chosen because the vessels down to 0,1 mm in diameter arising from them were largely intact, was retained for study of the intermediate zone. No detailed study of the distal zone was undertaken.
MEASUREMENT AND ANALYSIS OF THE CAST
The diameter and length of each branch in the proximal zone were measured using a pair of screw operated, needle-pointed calipers. The points were adjusted to fit the appropriate dimension on the cast, and the distance between them was measured with an optical micrometer. Dimensions were recorded in steps of 0.2 mm for vessels up to 4 mm in diameter and in steps of 0.5 mm for larger vessels. Diameter was measured near the origin of the vessel where it became circular in section. Only the diameters of broken branches were measured. The number of end branches arising immediately from each intact branch was counted, but the dimensions of the end branches were not recorded. Each branch was given a unique identification number. This number, the number of the branch from which it arose, a code for whether it was broken or intact, its dimensions, and the number of end branches arising directly from it were punched on computer cards.
The portions of cast broken off for the study of the intermediate zone were small and fragile, and direct measurement was difficult. Instead 400 photographs were taken through a dissecting microscope from various angles and in various planes of rotation and positive prints were made at a magnification of lOx. When the whole vessel in the photographic plane was in focus throughout its length, measurements were taken directly from the print. Data were not recorded for vessels less than 0.1 mm in diameter. The data for each branch, including a unique identification number, were punched on a computer card in the same way as the data for the proximal zone branches.
A computer was used to analyze the data from the proximal zone; the program made corrections for the order of broken branches and calculated E |v Order-1 branches terminated by dividing into end branches only, A provisional determination of the orders of the other branches was made, assuming initially that broken branches were order 1, and the mean diameter of branches of each provisional order was calculated. Using these mean values, it was possible to attribute a corrected order to each broken branch corresponding to its diameter and to recalculate the orders of the intact branches in the proximal zone.
A correction for E p from broken branches was made in a similar manner. First E p for each intact branch of the proximal zone was provisionally determined, assuming initially a value of zero for broken branches. The mean value of E p for branches of each diameter was then calculated. Using these mean values, a corrected E p was attributed to each broken branch according to its diameter, and the E p for the intact proximal zone branches was then recalculated. Since this process involved adding values of E r for adjoining branches up the arterial tree, the E p obtained for the main pulmonary artery was equal to the total number of end branches in the entire proximal zone.
Next, the number of branches in each order was counted and the mean, range, and standard deviation of the diameter, length, and E p for branches in each order were calculated.
Finally, a correction for the number of broken branches was made ( Table 1 ). The number of branches in each order was plotted on a logarithmic scale against order; the resulting branching ratio was about 2.9. A preliminary examination suggested that, after allowance had been made for the missing branches, the branching ratio would be about 3.0 This figure was then used to make the corrections. The 21 broken branches of order 3 would have given rise to 21 X 3 = 63 branches of order 2, and these branches would have given rise to 63 X 3 = 189 branches of order 1. Similarly, the 167 broken branches of order 2 would have given rise to 167 X 3 = 501 branches of order 1. Thus the corrected value for order 2 was 612 + 63 = 675, and for order 1 it is 1600+189 + 501 = 2290. The branching ratio calculated from the corrected numbers was 2.994, which approximates the estimated value of 3.0.
The samples of the intermediate zone branches were intact down to 0.2 mm in diameter, but some branches 0.1-0.2 mm in diameter were broken. The order of each branch was determined by counting from the photographs. Order-1 branches were defined as vessels 0.1 mm or greater in diameter that gave rise only to vessels smaller than 0.1 mm in diameter. Broken branches were also labeled order 1.
After the orders had been determined the mean, range, and standard deviation of the diameter and length of branches in each order were calculated. The mean value for the diameter of order-2 branches was 0.224 mm. Because all the broken branches were less than 0.2 mm in diameter and most were less than 0.15 mm in diameter, it was considered a reasonable approximation to define broken branches as order 1. Table 2 gives the number of branches of each order in the proximal zone and the mean, the range, and the standard deviation of diameter, length, and E p . Table 3 gives the pooled data for the three All branches were measured with respect to diameter, but incomplete branches were excluded from the length measurements. NB = number of branches, and SD = standard deviation.
Results
intermediate zone casts; it shows the number of branches of each order, and the mean, the range, and the standard deviation of diameter and length. In both Tables 2 and 3 the number of branches for which length measurements are given is less than the total for order 1, because the lengths of incomplete branches were excluded from the data.
INTEGRATION OF THE DATA
The integration of this data for a morphometric picture of the whole pulmonary arterial tree is based on three principal steps; the utilization of the almost unaltered proximal zone data, the extension of this data by joining it with the intermediate zone data, and the projection of the combined data to the distal zone. For each set of data, i.e., diameter, length, and number of branches, the problem of what constitutes an order-1 branch of the total system will be dealt with independently, because this point determines the number of orders in the total system. The mean diameters of the proximal zone branches were plotted logarithmically against order (Fig. 3) . Since the highest order in the intermediate zone consists of broken end branches of the proximal zone, there probably is some overlap between the two zones. Furthermore, the mean diameter of the highest order in the intermediate zone should be less than expected, since the branches were broken and had to be measured below their origins. By arbitrarily putting order 4 of the intermediate zone (the first unbroken branch) one order lower than order 1 of the proximal zone and plotting mean values, a smooth continuity of diameter values was obtained. Thus the two zones have the broken branches in common. The diameter of order 5 of the intermediate zone lies below the line, since it was measured below its origin.
Examination of the combined data shows that they lie on two straight lines, one for the upper three orders and another for the lower orders. The best straight line for the lower orders, excluding order 5 of the intermediate zone, was determined by a least-squares fit, and the regression equation was y = 0.9246 + 0.2015x. This line was extrapolated downward and to the left; the regression equation was used to calculate values for each order in the distal zone.
What is the diameter of the precapillary vessel that constitutes order 1 of the total arterial system? All branches were measured with respect to diameter, but incomplete branches were excluded from the length measurements. NB = number of branches, and SD = standard deviation. 
S 11 13 15 1ORDERS IN TOTAL SYSTEM
FIGURE 3
Relations between diameter and order and length and order in the pulmonary arterial tree, hog diameter and log length are plotted on the ordinate. Strahler orders are plotted on the abscissa with the main scale indicating the total system and the smaller separate scales indicating the proximal zone (PZ) and the intermediate zone (IZ). Open triangles = proximal zone diameter, solid triangles = proximal zone length, open circles = intermediate zone diameter, and solid circles = intermediate zone length.
Von Hayek (15) describes such vessels as being three times the diameter of a capillary. Wagenvoort et al. (16) show a picture of a precapillary vessel 0.015 mm in diameter injected with India ink. These values may be compared with the calculated diameters of 0.021 mm and 0.013 mm, respectively, for structures situated 16 and 17 orders from the main pulmonary artery. The diameter of 0.013 mm is the value closest to the available data, suggesting a 17-order system.
The proximal zone length data were then plotted along with the intermediate zone data (Fig. 3) , in a manner similar to that used for the diameter data. Orders 4 and 5 of the intermediate zone and order 1 of the proximal zone show some discontinuity where branches have been broken. Again the data lie on two straight lines, one for the upper three orders and another for the lower orders; the best straight line was calculated for the lower orders. The regression equation was y = -0,0485+ 0.172x, which was used to calculate the lengths for each order in the distal zone.
Von Hayek (15) has reported that the length of a precapillary vessel is equal to half the diameter of an alveolus, about 0.015 mm. Calculated lengths for structures situated 16 and 17 orders from the main pulmonary artery were 0.2 mm and 0.013 mm, respectively; the latter value is nearer to 0.015 mm, again suggesting a 17-order system.
The upper three orders include the branches of the pulmonary artery down to the bronchopulmonary segment level. Their mean values of diameter and length do not lie on the same lines as those of the lower orders. This divergence is probably due to the constraints imposed on these vessels by the shapes of the thoracic cage, lungs, and heart. A similar divergence was found by Weibel (5) for the upper four generations of the bronchial tree.
The corrected value for the number of branches in each order (Table 1 ) was plotted logarithmically against order (Fig. 4) and the best straight line was calculated by the least-squares fit; the regression equation, y = 3.7681 -0.4763x, gives a branching ratio of log 0.4763 = 2.994.
A similar plot was made of the pooled data for the intermediate zone (Fig. 4) ; the regression equation, y = 2.751 -0.4909x, gives a branching ratio of log 0.4909 = 3.096, a value almost identical to that for the proximal zone. Therefore, the proximal zone regression line was extended upward and to the left. Just how far this line might be extrapolated depends on a consideration of the branching pattern in the distal zone.
Miller (17) describes how the branches of the pulmonary artery follow those of the bronchial tree down to the alveolar ducts and sacs. From the arterioles located along these structures arise small branches that give rise to the capillary networks. These branches are the precapillary vessels, and they number between 1 and 2 per alveolus (15) . Since there are between 10 and 30 alveoli per duct or sac and a corresponding number of precapillary vessels arising from one arteriole, there must be a sudden increase in the branching ratio of the arterial tree at this level. Thus the regression line cannot be extended as far as order 1, because there must be a change of slope between order-2 and order-1 branches. It was, therefore, extended only as far as order-2 branches, which must approximate in number to the alveolar sacs (the most distal alveolar ducts). These sacs have been estimated to number between 11 X 10 6 and 12 X 10 G (18). Calculations from the regression equation indicate that approximately 4 X 10 6 , 13 X 10 6 , and 38 X 10 e branches are situated 15, 16, and 17 orders from the main pulmonary artery, respectively. The intermediate value is the closest to the estimate, which gives 16 orders between order 2 and the main pulmonary artery and hence a 17-order system. The number of order-1 vessels was taken to be equal to the number of alveoli, i.e., 3 X 10 s . Figure 4 shows the completed number plot.
Extrapolations of the diameter, length, and number plots suggest that the pulmonary arterial tree is a 17-order system (Figs. 3 and 4) . The values for diameter and length in the distal zone and for number of branches in the intermediate and distal zones were calculated from the regression equations. With the exception of the lengths of orders 9 and 10, the mean values of the data were used unaltered for the rest of the system. Since the mean lengths of orders 9 and 10, at the junction of two zones, are probably not representative, the two values were also computed from the regression equation.
The number of order-1 end branches (E M ) supplied by a branch in the proximal zone was calculated by expressing E,, at each order as a percent of the total E p ; EJJ at each order was then For this calculation it was assumed that there is a constant proportional relation between E M and E p for any order in the proximal zone.
In the intermediate and distal zones where no data were available for end branches, a different method was used. For branching systems it has generally been shown that, when log N plotted against order gives a straight line, then log E plotted against order gives a similar straight line (10, 19) . The slopes of the two lines have the same absolute values but are of opposite sign. This property was used to calculate E M for branches of each order up to 10. By definition, E M for order-1 branches is 1. There are 3 X 10 s order-1 branches and 1.266 X 10 7 order-2 branches, giving a branching ratio of 3 x 10 8 /L266 X 10 T = 23.7. Thus E M for order-2 branches is 23.7/1 = 23.7. For orders 3-10 the value increases by a factor equal to their branching ratio, 2.994, with each increment of order.
Finally, the percent of capillary bed supplied by a branch was calculated on the basis of the assumption that on the average all order-1 vessels supply an equal portion of the capillary bed. Thus E>[ for a branch expressed as a percent of the total E M gives the percent of capillary bed supplied by that branch. Table 4 gives the data for the total arterial system with respect to order, number, diameter, length, value of E, and percent of capillary bed supplied. Some values computed from the data in Table 4 are given in Table 5 . The cross-sectional areas of the branches were summed to give a total area for each order. The volumes of the branches were summed to give a total volume for each order, and these totals were then summed from the highest to the lowest order to give a cumulative volume which was 150.91 ml for the whole system. If flow were evenly distributed throughout the lung, then the flow through a branch would be proportional to the amount of capillary bed it supplied. On this basis, and assuming a pulmonary blood flow of 80 ml/sec, the flow and mean flow velocity were computed for each branch.
Discussion
Counting orders upward from the peripheral branches, in preference to Weibel's method (5) of Values of cross-sectional area are for one branch. Total area is summed area of all trie branches in each order. Total volume is summed volume of all the branches in each order. Cumulative volume is total volume added cumulatively from higher to lower orders. Velocity is mean velocity of blood flow if pulmonary blood flow is 80 ml/sec.
If plots of log number, log mean diameter, and log mean E are made against order, they are approximately linear for most naturally occurring branching systems; however, similar plots against generation are not linear for asymmetrical systems. Thus the use of orders facilitates the mathematical expression of interrelated characteristics and makes extrapolation beyond the limits of the data slightly less objectionable.
Both generations and orders as defined by Horsfield and Cumming (10) are too unwieldy for the characterization of the entire pulmonary arterial tree, because the smaller arteries give rise to large numbers of lateral branches, each of which increases the generation or the order by one. Judging from observations of the casts of such vessels made with a dissecting microscope, the total system probably has well over 100 generations. Strahler's method (7, 8) overcomes this difficulty and reduces the number of orders to manageable proportions.
How true a representation of the real pulmonary arterial tree does this data represent? The data for the proximal zone are well founded and can be taken as a true representation of the vessels at the time they were cast. There may of course be some differences between the excised lung and the lung in the thorax during life. However, these differences are probably not great since the lung was inflated to a physiological volume and the resin was perfused at a physiological pressure.
These same comments apply to the intermediate zone casts, except that only a small sample, consisting of approximately 0.1% of all the vessels in the zone, was measured. Some reassurance that this sampling was indeed representative arises from the continuity of the diameter and length plots and the similar slopes of the number plots.
Undoubtedly the distal zone data are the most questionable. Until some quantitative data are available for this zone it will not be possible to come to any firm conclusion about how much they are in error. However, a common property of naturally occurring branching systems is that log N and log mean diameter plots against order are linear. If this property should prove to be true of the pulmonary arterial tree, then our extrapolations to the unknown part of the system should be a reasonably good representation of the real anatomy.
